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ABSTRACT

Directivity patterns at 3.17 MHz and 5.1 MHz are calculated for

the HF antenna array at the high power HF heating facility at the

Arecibo Observatory in Puerto Rico. The pattern was calculated using

pattern multiplication and method of moment techniques. The

calculated pattern is shown to be a good approximation to an

experimentally measured pattern in one plane of the array. A simple

model was used to approximate the effect of the pattern on the

frequency response of ELF/VLF signals generated by the HF heating.

The frequency response was determined at two ELF/VLF receiver sites.

Results show that ELF/VLF generated by side lobes of the HF pattern

have sufficient strength to create a ELF/VLF interference pattern at

receiving locations.



EFFECT OF HF HEATING ARRAY DIRECTIVITY PATTERN ON THE

FREQUENCY RESPONSE OF GENERATED ELF/VLF

INTRODUCTION

ELF/VLF generation experiments were conducted at the Arecibo

Observatory (A.O.) in Puerto Rico. The HF heating faciltiy for A.O.

is located at 180 29' N and 660 40' W geographic latitude and

longitude respectively. The ELF/VLF receiving site was located 7.7 km

from the heating facility and 2380 to the east.

The motion of the ionospheric plasma, in the presence of the

earth's magnetic field, causes natural ionospheric currents to flow.

By changing the conductivity of a small portion of the ionosphere, the

natural currents within that portion can be modulated. Modulating the

currents in the ELF/VLF range causes a ELF/VLF signal to be radiated

by the ionosphere.

The conductivity in the ionosphere is depe-dent upon the electron

collision frequency, which is in turn dependent upon the electron

temperature. An HF electromagnetic wave is absorbed by the ionosphere.

The EM wave adds kinetic energy to the electrons, which in effect

increases the electron temperature. Thus, by modulating the HF

transmission at a ELF/VLF rate, the ionospheric conductivities will be

modulated at the same rate, and a ELF/VLF signal will be radiated from

the ionosphere.

The antenna, radiating the HF signal heating the ionosphere, has

a pattern consisting of a main beam, side lobes, and possibly grating

lobes. Heating occurs where each of these penetrates the ionosphere.

By determining the pattern of the HF antenna, the spatial distribution



of the heating in the ionosphere can be determined. Thus, the

location in the ionosphere and the intensity of each of the ELF/VLF

radiating sources can be determined. From this the characteristics of

the ELF/VLF radiation from the ionosphere can be calculated.

This section will describe the calculation of an approximation to

the Arecibo HF heating array directive gain pattern and apply the

results to find a zero order approximation to an ELF/VLF radiating

array. The technique employed to calculate the HF array pattern is

one which uses the combination of pattern multiplication techniques

and computer numerical analysis. The numerical program used was the

Antenna Modeling Program (AMP)(1). The AMP output was then used with

analytical equations in a program written at the Ionosphere Research

Laboratory at Penn State University to carry out the pattern

multiplication.

PATTERN MULTIPLICATION THEORY

The pattern multiplication technique is based upon the

calculation of the total pattern of an array by taking the product of

an array factor (AF) with the elemental pattera. The array is made up

of identical elements. The elemental pattern is the pattern of an

individual element of the array. The AF is obtained by replacing each

of the elements of the array with an isotropic radiator and

calculating the pattern for the array of isotropic radiators. A

detailed discussion of pattern multiplication can be found in

reference (2). A description of the theory used in this analysis

follows.
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For example, assume thet, are an even number "N" of colinear

isotropic radiators separated by a distance "d" as shown in figure

(1-1). The far field, at a point "P", due to the nth radiator, is

proportional to a complex current amplitude, In, a phase factor,

e-jaRn, and is inversely proportional to the distance from the

radiator to "P", equation (I-i).

En c In[e-jRn/(4tRn)] (-I)

The far field approximation states that "P" is far enough away

that "Rn" can be assumed to be parallel to "R", and the length of "Rn"

is approximately equal to "R". Under these conditions the

approximations in equation (1-2) can be made.

1/R t I/Rn (1-2a)

Rn t (2 InI -l)(d/2) cosa+ R ; n < 0 (l-2b)

Rn R: R - (2 mj -l)(d/2) cos a ; n > 0 (1-2c)

While the small difference in length of "Rn" can be neglected in the

I/Rn" term, these differences can have a significant effect on the

phase term, e-jaRn. .ncorporating the far field approximation

equation (1-2) with equation (1-1), the total field at "P" can be

expressed (1-3).

-1 N/2 -1
E F, En + , En = 1 : In e-j 8 [(2 [nj -l)(d/2)cos a +R]

n(N/2) n1l n-(-N/2)

N/2
+ , Ine-j (R-( 2 tmj -1)(d/2)cos a ]][1/(4R)] (1-3)

n-l

Assume that "In" is equal to a constant "Io" and collect all the like

terms. Equation (1-3) reduces to equation (1-4).
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za

Figure 1-1 N colinear isotropic radiators
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IN/2
E = (Io/4rR) e-jR[ e-JYn + 1 eJYn]

n=(-N/2) nl (1-4)

Yn = a(2 mI -1)(d/2)cos a

The first term is a constant for a fixed value of "R". The

second term is dependent on alpha. It defines the antenna pattern and

is the AF. The AF is given in equation (1-5).

N-1 N/2
AF = e-JYn + e-JYn (1-5)

n =(-N/2 ) n =I

Noting that Y-n is equal to Yn, equation (1-5) can be simplified to

equation (1-6).

N/2 N/2 N/2
AF= 1 (eJYn + e-JYn) - 21 cos Yn = 21- cos[0(2n-1)(d/2)cos a]

nil nl n-l
(1-6)

Since the 2 in equation (1-6) is a constant, it may be dropped from

the array factor. in addition, in equation (1-6) 2n-1 can be replaced

with n, and the result simplified to equation (1-7).

n-I
AF = , cosn(d/2)cos a] (1-7)

n-1,3,5...

Equation (1-7) is the array factor for a colinear array of an even

number of N isotropic radiators with equal current amplitudes. The

angle a is measured from the line of the array to the observation

point.
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ANTENNA MODELING PROGRAM (AMP) THEORY

The Antenna Modeling Program (AMP) was used to analyze the array

element. This program was developed by MBA/Information Systems.(l)

The computer program applies the method of moments to the thin wire

approximation of the integral equation for the electric field due to a

volume current distribution, equation (1-8).(l)

E(Fo) - ffflo ( (1-8)
V

-('F,F o ) = -(l/470)[+(l/k2 )VV]g

g = (e- ik i'-Fo / rF-Fol )

k = ,v o , r= unit 2nd rank tensor

= distance measured from wire axis (source point)
to observation point on the surface.

The thin wire approximation requires that the diameter of the

wire be small compared with the wavelength. Thus azimuthel current

flow around the wire can be neglected and the volume integral in

equation (1-8) can be changed to a line integral, equation (1-9).(l)

-go.EF(Vro) - (-iwtvo/47r) fI(s)[;-;o-(0/k2) (32/3s So~g(r-,r-)ds

L
(1-9)

S unit tangent at source point

;o - unit tangent at observation point

I - (na2 J)2na

a - wire radius
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Included in equation (1-9) is also the boundary condition for a metal

surface, equation (1-10).

Eltan + EStan = 0 (1-10)

EItan = Tangential component of incident electric field

EStan Tangential component of scattered electric field

AMP solves equation (1-9) numerically by converting it into

matrix form. This is accomplished by expanding the unknown currents,

1, in terms of a set of basis functions, In, and taking the inner

product of both sides of equation (1-9) with a set of weighting

functions wm . A general discussion on this method of solution can be

found in reference (3).

Equation (1-11) is obtained by expressing equation (1-9) in

operational format, where the operator Lop denotes the integral and

"<A,B>" denotes the inner product of quantities A and B.

NE An <wm, Lop In> - <wn, EI> (-1
n N

where I - E A n in
n

Equation (1-11) must be true for each w%, and thus may be written

in matrix form as expressed in equation (1-12).

<wl, Lop I1 <wl, Lop 12> .... <Wl, Lop In) A "<wl, EI>
<w2 , Lop II> <w2, Lop 12> •.. .<w2, Lop In> JA2  <w 2 ,,EI>

IIII |Ii II = I

to of of 11

<wN, Lop 1> <wN, Lop 12> .... <wN, Lop IN>J AN (wN, E'>

(1-12)
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Since E I , In and wm are known, by matrix inversion the values of

An can be calculated.

Specifically, AMP uses sine and cosine functions as basis

functions and employs a method of collocation, or point matching, by

choosing the weighting functions as 6 functions.

THEORY APPLIED TO A.O. ARRAY

To apply the techniques of AMP and pattern multiplication to the

A.O. heating array, the array's physical characteristics must be

known.* The HF antenna consists of a 4x8 array of radiating elements.

This array is oriented as shown in figure (1-2). Each of the elements

in the array is constructed in the shape of an inverted pyramid with

four sides. The faces of the pyramid are at an angle of 450 with the

ground and contain two nonplanar log-periodic antennas (NLPA). One

NLPA is contained in the north and south faces, and the other is

contained in the east and west faces. A sketch of an array element is

shown in figure (1-3). Note that the elements in the south and west

faces have been rotated 1800 about the corresponding face's NLPA

elements feed lines. A diagram looking down at the top elements of

the pyramid is shown in figure (1-4).

Both NLPAS are designed with a T of .88. The dimensions of the

array elements in the north and south faces are shown in figure (1-5).

The dimensions of the east and west faces are scaled to T1/4 of the

north and south faces. This will result in right hand circular

polarization radiation when the north and south faces are fed 1800 out

*Note: See appendix III for additional information on HF antenna

geometry.
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of phase with the east and west faces. When fed in phase, left hand

circular polarization radiation will be transmitted.(4 ) The north and

south and the east and west faces are fed against ground by separate

transmitters. This gives the capability to adjust the phase between

different faces and thus change the radiation polarization.

The array element was analyzed using the AMP computer program.

Then the pattern multiplication technique was used to calculate the

total array pattern.

The array element was analyzed using AMP for frequencies of

3.17 MHz and 5.1 MHz. The data file used is listed in Appendix I

program 1. The GW and GM cards generate the antenna structure

depicted in figure (1-3) and orient it with respect to the coordinate

axis shown in figure (1-4). The GN card specified the conductivity

(.03 //m) and relative permativity (20) of the ground below the HF

array. The actual conductivity and permativity for the heater site

was not known, but based on the fact that maps indicate the heater

array is located on marshy ground, a conductivity and a relative

permativity for "good" earth(5 ) were used. As shown in the RP card,

the power gain was computed for 2.5 degree steps in "theta" and 5

degree steps in "phi."

In order to use the output of AMP in the pattern multiplication,

it was necessary to develop an elemental pattern function. Given a

"theta" and "phi", the function returns a value of the power gain in*

that direction. To accomplish this, the power gains form the AMP

output for selected constant "phi" surfaces were combined with a

linear interpolation scheme. The selected values of "phi" are listed

in table I.
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Figures (1-6) and (1-7) show the comparison of the interpolated

values (shown by X) with the AMP results (shown by •). The maximum

error is approximately one db. Figure (1-6) is a plot of power gain

as a function of "phi" for a constant "theta." The power gain

decreases as the radius of the polar plot increases. The

unsymmetrical nature of the plot is due to the unsymmetrical nature of

the array element. Figure (1-7) is a plot of power gain as a function

of "theta" for a constant "phi."

3.17 MHz 5.1 MHz
Phi (deg) Phi (deg)

0 10
90 60

130 90
180 110
210 150
270 180
320 215
360 270

320

Table I. Selected Values of Phi for Interpolation Routines

The total array pattern for the A.O. array shown in figure (1-1)

was calculated by taking the product of two separate array factors.

In essence this is a pattern multiplication. The array pattern of one

array becomes the elemental pattern of the other array. One array is

the 4-element array on the north and south line. The other array is

an 8-element array on an east and west line.

The expansion of equation (1-7) for the 4-element and 8-element

arrays can be simplified by using trigonometric identities. These

trigonometric identities were obtained from Chebysheff polynomials, as

shown in Appendix II. The simplified equation for the antenna factors

are given in equations (1-13) and (1-14). The 4-element array factor
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is equation (1-13), and the 8-element array factor is equation (1-14).

Figure (1-8) shows the orientation of the 4- and 8-element arrays on

an X,Y,Z coordiate system. The Y-axis was taken to be north and the

X-axis as east.

AFI - [sin(40(d/2) cos~ 1 J/sin(O(d/2)cos CI) (1-13)

AF2 = [sin(8B(d/2)cos& 2 )]/sin(B(d/2)cos E2) (1-14)

The array pattern of the 8-element array is solid of revolution

about the X-axis, and the 4-element array pattern is a solid of

revolution about the Y-axis.

Using the transformation in equation (1-15), AF1 and AF2 can be

transformed to spherical coordinates. The total array factor AF,

equation (1-16), is the product of AFI and AF2.

cos i = sinesin 0 (1-15)
COS E2 = sin cos 0

AF - AF x = sin[48(d/2)sin3sin0] sin[88(d/2)sin~cos(] (1-16)
1 2 sin [8(d/2)sinosin4] sin[8(d/2) sinEcoso]

The total array power pattern can be calculated by taking the

square of the total array factor, AF, and multiplying it by the

elemental pattern function, which is an interpolation of the AMP

results. To achieve the goal of the calculation of a directive gain

pattern, a correction factor must be determined. This factor is a

result of neglecting the constants in calculating the array factor.

The directive gain "in a given direction is defined as the ratio

of the radiation intensity in that direction to the average radiated

power." 5  Since the constants which were neglected in calculating AF

are also contained in the calculation of the average radiated power
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and the directive gain is a ratio, these same constants must also be

neglected in calculation of the average radiated power. Thus the

calculation of the average radiated power becomes the correction

factor necessary to convert the array power pattern to an array

directivity pattern.

Equation (1-17) was used to calculate the average radiated power,

Wr.

Wr = j [AF(0G,)1 2 X 10 (ELF(0,0)/lO) sin edO d (1-17)
J0 L0 4 7

ELF(O,0) Elemental Power gain from interpolated AMP output
AF(9,0) = Total Array Factor

The integration was performed numerically using Simpson integration,

equation 6 (1-18). The programs are given in Appendix I, programs 2

and 3.

S f(x)dx - (Ax/3) [f(xo)+4f(xl)+2f(x2 )+4f(x 3 )+2f(x4 )+... (1-18)
a

+2f(X2n-2)+4 f(x2nl )+f(X2n) ]

Ax - (b-a)/(2n)

The first quardrant integration was carried out for two cases.

One case was with a "phi" step size of 2.5 degrees; the other case was

with a "phi" step size of I degree. A "theta" step size of I degree

was used in both cases. No significant difference was found in the

result of the integrations. Based on this result, the step sizes

chosen for the total integral were 1 degree and 2.5 degrees for

"theta" and "phi" respectively. The correction factors determined

were 9.82 db and 8.62 db for 5.1 MHz and 3.17 MHz respectively.
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Equation (1-19) combines the total array factor AF, the elemental

pattern ELF, and the correction factor to calculate the directive gain

pattern for the A.0. heating array.

D(0,0) = 20 log[AF(,0)] + ELF(0,O) - Correction factor (1-19)

Figure (1-9) is a plot of the pattern in the "phi" equal zero

plane (north-south plane). The "x's" are experimentally measured

values. 7 The values were measured from a Boeing 707 aircraft at 2900

ft (8.84 1cm). The plane was flown over the A.0. array on a

north-south line, while the heater was operating at 5.1 MHz. The plot

shows that the array pattern obtained by the combinat.ion of pattern

multiplication and numerical techniques is a good approximation of the

A.O. array pattern.

Figures (1-10) and (1-11) are plots of the directivity pattern of

the A.0. heater array for 3.17 MHz and 5.1 MHz respectively. Each

plot is the variation of the directive gain with "theta" in a constant

"phi" plane. "Phi" is varied in 5 degree steps from 0 degrees to 180

degrees. Two additional "phi" plane patterns have been plotted in

figures (1-12) and (1-13). These two figures are the directivity

patterns in the "phi" equal 121.50 and 1460 planes respectively.

These patterns are in planes corresponding to the direction of Los

Canos and the A.O., respectively. The programs used to make the

directivity patterns are given in Appendix I, programs 4 and 5 for

3.17 MHz and 5.1 4Hz respectively.
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Figure 1-10 Directive gain pattern for Arecibo Observatory

HF heating array. Frequency = 3.17 MHz.
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Figure 1-11 Directive gain pattern for Arecibo Observatory
HF heating array. Frequency - 5.1 MHz.
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Grating lobes (lobes which have the same intensity as the main

beam 2 ) in the antenna factor will occur when both the numerator and

denominator of both terms of equation (1-15) are zero. This will

occur when equation (1-20) is satisfied.

(d/2) sinosin= 0 or r
(1-20)

6(d/2) sin 0cos = 0 or nT

For the A.0. array 8d/2 is equal to 2.82 and 4.54 for 3.17 and

5.1 MHz respectively. Since sin® sino and sine coso are never larger

than 1, the 3.17 MHz pattern does not and should not have grating

lobes. However, grating lobes will be present in the 5.1 MHz pattern

because 4.54 is larger than Yr.

These grating lobes will occur for the angles given in table II.

As can be seen in the plots of figure (1-11) major lobes do occur at

these angles. They are attenuated when they are ultiplied by the

elemental pattern during the calculations of the total array pattern.

.(deg) 0(deg)

43.8 0
43.8 90
43.8 180
43.8 270
78.1 45
78.1 135
78.1 225
78.1 315

Table II. Location of Grating Lobes in 5.1 MHz pattern

ELF/VLF ARRAY MODEL

Having established a directive gain pattern, it remains to relate

the pattern to the heating of the ionosphere. Richardson8 has shown

that the largest change in conductivity caused by the heating occurs
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at approximately a 70 km altitude. As a zero order approximation, the

heating pattern can be projected on a plane located at a 70 km

altitude. The location and relative intensity of the major heated

regions can be found. By placing elementary dipoles with the same

relative amplitude of current at the respective heated regions, a

field intensity at a receiving site on the ground can be calculated.

A correction factor is needed to project the pattern onto a 70 km

altitude plane. The pattern shows the relative distribution of the

power on a sphercial surface of radius "R." Since the distance to a

plane increases when "theta" is greater than zero, the power density

on the plane will decrease from that indicated by the pattern. The

power is being spread over a larger spherical surface as "R" is

increased. The projection of the pattern on a plane surface requires

multiplying the pattern by an attenuation factor of cos 2E. This

attenuation is plotted as a function of "theta" in figure (1-14).

Programs 6 and 7 in Appendix I were used to compute a pattern on

a square section of a plane (122 km north and south by 122 km east and

west of the main beam) at a 70 km altitude. The data were then

plotted using Statistical Analysis System (SAS).(9,10 ) Figures (1-15)

and (1-16) show the relative power density on a 70 km altitude plane

for 3.17 MHz and 5.1 MHz respectively. Only levels above that of an

isotropic radiator (0 db) were plotted.

The 122 km dimension of the plotted data corresponds to an angle

of "theta" equal to 60.2 degrees. The major lobes created by the

antenna factor grating lobes at 78.1 degrees are not seen in figure

(1-16). These lobes are for the most part attenuated to the zero

reference level by the long propagation path. Table III gives the
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location and relative power density of these lobes on the 70 km

altitude plane.

Data on the lobes shown in figures (1-15) and (1-16) are given in

tables IV and V. The current was assumed to be proportional to the

square root of the power density. To find the average current per

unit length for each lobe, the current was integrated over the area of

the plane disturbed by the lobe and divided by the length of the

region. The current distribution on the plane was approximated using

a pyramid with a quadrilateral as a base. The length and width of the

heated region are the diagonals of the quadrilateral base; the peak

current is the altitude. The volume of the pyramid is equal to one

third of the arei of the base times the altitude.1 0 The area of the

quadrilateral base is one half of the product of the diagonals times

the sine of the angle between the diagonals.1 1  So the formula for

calculating the average current per unit length becomes equation

(1-21).

lav = (/3)(i/2)a-b sin 90](Ip/a)-(1/6) bIp (1-21)

a - length (diagonal)
b - width (diagonal)

Ip - peak current (altitude)

In this zero order approximation each of the lobes is represented

as an elementary current element source. The source has a current

equal to the average current calculated in equation (1-21), a length

equal to the length of the lobe, and is located at the x,y coordinates

of the peak power density for the lobe cn the 70 km altitude plane.

The location, length, and average current are summarized in tables IV

and V.
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Pd

Re lat ive Iap la
Power a b Peak Average

Location Density Length Width Current Current
x(km) y(km) (db) (kin) (kin) (10Pd/20) (1/6 a-b-l,)a

-63 0 3.022 24 12 1.416 2.832
-30 0 10.87 22 18 3.495 7.485
0 0 24.983 40 20 17.748 59.16
30 0 10.215 22 16 3.242 8.645
62 0 1.295 15 7 1.161 1.355
0 -38 1.624 19 7 1.207 1.408
0 -25 5.875 26 9 1.967 2.951
0 -14 11.239 32 9 3.647 5.471
0 14 11.239 32 9 3.647 5.471
0 25 5.875 26 9 1.967 2.951
0 38 1.624 16 7 1.206 1.407

Table IV. Lobe Statistics for Frequency - 3.17 MHz
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Pd

Re lat ive Ip tav
Power a b Peak Average

Location Density Length Width Current Current
x(km) y(km) (db) (km) (km) (10pd/20) (1/6 a-b-I)/a

-60.5 0 15.519 54 14 5.970 13.93
-34.0 0 10.141 14 14 3.214 7.499
-18.0 0 12.205 12 10 4.076 6.793
0 0 24.113 24 12 16.056 32.113
18.0 0 11.134 12 10 3.603 6.006
33.0 0 8.306 14 10 2.530 4.217
59.0 0 11.279 43 14 3.664 8.549
0 -65 14.301 26 28 5.189 24.213
0 -48 5.331 15 8 1.847 2.463
0 -38 3.715 12 6 1.534 1.534
0 -30 3.586 12 5 1.511 1.259
0 -22 4.825 14 5 1.743 1.452
0 -15 6.969 16 5 2.231 1.859
0 -9 11.079 20 6 3.581 3.581
0 9 11.079 20 6 3.581 3.581
0 15 6.969 17 5 2.231 1.859
0 22 4.825 15 5 1.743 1.452
0 30 3.586 14 5 1.511 1.259
0 38 3.715 14 6 1.534 1.534
0 48 5.331 18 8 1.847 2.463
0 65 14.301 28 28 5.189 24.213

Table V. Lobe Statistics for Frequency - 5.1 MHz.
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The magnetic field due to a current element is given in equation5

(1-22). The source is located at the origin and along the Z' axis.

HO' is the magnetic field intensity in the source coordinate system

X' ,Y' ,Z'. Since HO' is a vedtor and there are a number of sources at

different locations whose fields need to be superimposed at the

observation point, it would be beneficial to translate the fields to

the observation frame of reference, X,Y,Z.

H ' = ((Idl)/47ir']sinO'e-Jr' [jB + (1/r')] (1-22)

The source and observation coordinate systems are shown in figure

(1-17). The source is located at point O(XO,YO,ZO) and along the

Z'-axis, which is parallel to the X-axis in the observation point

coordinate system. The Y- and Y'-axis are also parallel and the

X'-axis is in the negative z direction. From the geometry of the

figure the relationships given in equation (1-23) can be found. In

addition, using the transformation from spherical coordinates to

Cartesian coordiantes, equation1 2 (1-24), the expression for the

magnetic field, equation (1-22), can be transformed to the observation

point coordinates.

X f XP-XO
Y, = YP-YO (1-23)
Z' = ZP-ZO
r' - (XP-XO) 2+(yp-yO) 2+(Zp-ZO) 2 )1 /2

sine' = [(Zp-Zo))2 +(yp-yo) 2 ]1 / 2

re

Hy = Hy H' W)'x2+y
2

-Hz . Hx f - -H,'(y')/Ny',2+,'2 (1-24)

Hx - Hz' = 0

The phase term e-jar' is important when performing the

superposition of the fields from all of the sources at the observation
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point. Small differences in the value of r' can be magnified by

causing a significant change in the term's value. Thus it would

affect the summation of the real and imaginary parts of all the

sources.

An additional term must be added to 8r' to maintain the proper

relationship between the sources. This is because the HF heating

pulse must travel different path lengths to the source region. The

difference in path lengths causes a time delay between the sources,

equation (1-25). This delay can be expressed in terms of an additonal

path length AR, equation (1-26). This allows the phase term, e-jBr',

in equation (1-22) to be expressed as e-jo(r'+-,R). By combining the

phase delay, equations (1-23) and (1-24) into equation (1-22), an

expression for the magnetic field intensity at the point of

observation and in terms of the observation point coordinate system

can be found, equation (1-27).

Time delay (Z02+yo2 +X02 )1 /2-70
C (1-25)

Phase delay =  (Z02 +y02+X02 )1/2-70 - (27r/X)[(ZO 2+yo2+XO2)1/2-70]
C

= OAR (1-26)

j= Idl[(ZP-ZO)2+(YP-yO2)1/2 e -j8[(XP-XO) 2 +(YP-YO) 2 +
411(XP-XO )1 +(YP-YO )'+(ZpzO L)/z

(zP-zo)2 )1/2 + (Zp2  y2 2 /2_-70]
(zP-z) + P +Y +XO(xP-xo)a

" XPXO )/+(yp-y0 )z )I / z y+

(YP-YO) z X Fs+ I

(XP-xO) 2+(YP-YO);Z)i/ 2  [(XP-XO)z+(YP-YO)z+(ZP-ZO))]I/z

(1-27)



119

Programs 8 and 9 Appendix I were written to calculate the

strength of the magnetic field at an observation point due to the two

source patterns of figures (1-15) and (1-16). For each of the two

cases a current element was placed at the location of the lobes, and a

total magnetic field was calculated at an observation point

corresponding to Los Canos. The calculations were carried out for the

frequencies listed in table VI. These frequencies correspond to the

frequencies used during the ELF/VLF experiments conducted in Puerto

Rico. Figure (1-18) shows the result of the calculation. It is a

plot of relative magnetic field strength as a function of frequency.

Frequency Frequency
(kHz) (kHz)

.479386 2.5
1.0 2.793296
1.25 3.144654
1.506024 3.448276
2.0 4.0
2.293578 4.464286

5.0

Table VI. Experimental Frequencies

In order to determine the effect of the lobes on the value of the

magnetic field at the observation point, a calculation was done with

only the main lobe acting as the source. The plot of the relative

field strength as a function of frequency is given in figure (1-19).

A comparison of figures (1-18) and (1-19) shows that the lobes have a

significant effect on determining the frequency response of the

ELF/VLF radiating source. The location of the relative maximums and

minimums in both 5.1 MHz and 3.17 MHz generated ELF/VLF response have

shifted in frequency. A significant reduction in the field strength

occurs between 2.5 to 4.5 kHz for the 5.1 MHz generated Y component.
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response
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In addition to computing the relative field strengths for the

test frequencies, a calculation was made in 100 Hz frequency steps

from from 500 Hz to 5 kHz. The result is plotted in figure (1-20).

As can readily be seen from the figure, two deep minimums occur for

the 5.1 MHz generated ELF/VLF. One occurs between 600 Hz and 700 Hz,

and the other occurs between 3400 Hz and 3600 Hz. The 3.17 MHz

generated ELF/VLF has only one deep minimum, which is located between

700 Hz and 900 Hz.

A calculation was made for an alternate receiving site. This

site is located at Salinas, Puerto Rico, 17.980 N and 66.300 W

geographic latitude and longitude respectively. The frequency

response results for the two HF heating patterns are shown in figure

(1-21). Comparison of figures (1-20) and (1-21) shows the changes in

the response due to the different propagation paths. The first

striking difference is the disappearance of the null in between 3 and

4 KHz in the 5.1 MHz pattern generated VLF. Second, the relative

maximums and minimums for the Salinas location have been shifted to a

lower frequency. In general, the relative field strengths are lower

for the Salinas site due to the increase in propagation distance.

CONCLUS ION

This completes the description of the zero order approximation.

In summary, a pattern for the Arecibo Observatory has been calculated

using the technique of pattern multiplication and AMP. The calculated

pattern for the "PHI" equal "0" plane compares with the experimentally

measured pattern. The pattern shows that there is enough power in the

side lobes and grating lobes to cause significant heating at a 70 km
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altitude. Using the HF antenna pattern, a zero order approximation of

the model for the ELF/VLF radiating system was determined. The

frequency responses of the ELF/VLF radiation system for observation

points corresponding to Los Canos and Salinas were calculated. The

calculations determined that the regions heated by the side lobes and

grating lobes have a significant effect on the strength of the

received signal.
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Program I

AM~P data file
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CMm'E 'OrCK mLS? n-3im wil C-.cr C.Asn3

CE CE 430 FAL.L rE40llao
01001 Is 0.300 0.300 0.J30 0.003 5.11.3 0.300 3.0020

G.003 I 3.333J IS.1 3.2 .3)3 '.c, i.3 3.00211
"1004 A 0.000 6.16 O.a00 4.74', b.FF& 3.000 0.0070

swq5 I 1 9 ? - - t'? n )- 13 I r -3 k ) -)' PO A .. 30)'3 1,23 'I_
(.4006 4 0.000 7 .700 0.030 -5.392 7. ')O 0.000 0.002')

GW0 0.000 7.700 0.000 0.300 9.7so 0.300 0.3020
-6"09 s 0.000 9,754 -oa-9 0 .12 0.9 003 00 2.

GIWO09 1 0.00.) 8.750 0.000 0.000 .0. W4 0.000 2.0020
Gw010 5 0.)30 9.944 0.000 -6 . '. 3 V.0" 0.300 1. 0 020

jitl 1 3.10A11A 0.340 O.3 1..256 0.300 1 .3321
6V012 5 0.000 11.2919 0.000 7 .4 12 i1.i2q9 . 0000 0.0020 i
65033 A 0.000 11.299 03.000 0.000 12.000 0.000 0.0020

~~0. .0'91 3.8 0.000 0.007.3

61015 1 0.000 L2.840 0.000 0.000 14.511 0.000 0.00.
GW016 IS 0.000 t4.591 0.000 10.217 14.591 0.000 2.0020
61017 1 0.000 1A.591 0.000 0.000 la.iil 0.000 0.00203
6.015 5 0.000 .16.581 -0.000 -- 11.610 16.541 0.000 3 .0020
65039q 1 0.000 t6.501 '0.070 0.a03 1A.642 0.000 '0.0020

GWO2 5 0000 119.142 0.000 13.193 , 14.442 0.000 3.0020
GW021 1 0.000 10.842 0.300 0.000 22.412 0.000 0i.3020-
GN022 6 0.000 21.412 0.000 -14.992 21.412 0.000 0.0020
GO023 1 0.000 21.412 0.000 0.000 24.331 0.000 1 . 0 0 ;0
6102% 7 0.000 24.331 0.000 *17.037 24,331 4 .000 0.002'S
GW025 2 0.000 24.331 0.000 0.000 27.649 0.000 0.0020
G1026, a 0.006 27.6&q' 0.00o -19e360 27.649 0.000 0.0020
65027 2 0.000 27.649 0.000 0.000 3 .420 0.000 0.02
65020 9 *.000 31.420 0.000 22.000 31.420 0.000 0.0020

"4IJ19 0.0 19 0.,jIt .0 3S.24 -,q 3.002
GN030 10 0.040 35.704 0.0030 -25.000 3S.Tea 0.000 0.0020
614000 0 45.000 10.000. 0.000 000 0.080 0.000
G"3 90.000 0.000 0.000 0.000 0.000 0.000
GW061 5 0.000 0.000 0.000 5.775 0.000 0.000 0.0020
G106Z 4 S.775 0.000 0.000 5.77-5 -.4.344 0.000 0.00203

r4093 I .5.77's 0.00 0.000 6.563 .0.1130 0.000 0.0020
GW064 a 6.563 0.000 0.000 .. 6.563 -4.546 -.0.000 0.0020.
GW065- t 6.563 0.000 .. 0.000 ~ 7.45a ' '80 iP' .0.000 3.0020

69006 4 7.4138 0.30M 0.000 7.458 -S.W= 0.000 0.0022
Gw06? I 7.410 0.300 0.000 8.475 0.440 0.000 0 .,;020i
01060 5 8.47% 0.0300 0.000 8.475 S.m" 0.000 0.00203
G5009 1 8.47% 0.000 0.000 9.031 * .ZPM 0.000 0.0020
Gw3070 5 9.631 0.000 .0.000 ~.9.631 .- 6. Ibw, 0.000 0.0020
65071 1 q.631 0.000 ''0.000 10.946 D.Ad* 0.000 0.420
61W072 % 10.044 0.3400 0.000 10.944 i- 7.6.) 0.000 0.0020
GWO73 1 10.944 0.000 0.000 12.430 3.00 0.300 3.3022
G0074 5 12.436. 0.300 0.300 12.436 -6. 136 3.000 3.3020)
05075 t 121436 0.000 0.300 14.L32 1-:430 0.000 0.00 23
61076 5 14.132 0.300 0.000 .14.132 9.3196 3.30 0.0020
G4077 I 14.132 4.000! 0.000 16.059 0.400 0.000 0.002.0
01070 S 16.059 0.300 0.000 16.059 -&3.z45 0.000 0.0020
GW079 1 10.059 *.300Q 0.000 18.249 O.800 0.000 0-0020
S4000 5 18.249 0.000 0.000 18.249 le.270 0.000 0.0020

I30 1 1.249 .0 0.000 20.739 5.300 0.000 1. 0020~i
61 & 20.739 .. .000 . 0.000'. 20.739 -14.520 0.000 0.0020

01063 1 20.739 0.000 0.000 '23.566 " 0.030 .0.000. .0.0020

GO094 7 23.566 0.000 0.000 23.566 10.501, 0.000 0.3020

65005 2 23.566 0.000 0.000 26.779 0.300 0.000 0.0020;
64006 0 26.779 0.300o 0.000 26.779 -le.752 0.000 0.0020

G0O047 2 26.779 0.000 0.300 30.432 1.033 0.000 0.0020

61000 9 30.432 0.000 0.000 30.432 22.308 0.000 0.0020
61009 2 30.432 0.300 0.000 34.581 P.400 0.0300 0.0020

G1090 t0 34.501 0.000 0.000o 34.58t -24.2t& 0.0003 1.0020
600 0 0.000 -45.300 0.300o 3.0 .3 00-j 3.)0 6 1.0

6ho 103 1 0.000 -90.300 0.0030 0.000 0.430 0.000 81.3
r6co 003
614000 0 20.0 .3

PR000 1 3.170 0.000
E1000 30 1 001 00 3.000 0.3020
£1000 1;31 203 30 300 3.230
EX00 313 2 01 10 t.330O 0.400

E1000 092 301 30 1.000 0'.300 ____

RPOOO as 72 1000 0.0 0.0 2.5 5.0 7.5c 04

£14000



131

Program 11

Total Array Pattern Simpson Integration, 3.17 MHz
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Program III

Total Array Pattern Simpson Integration, 5.1 MHz
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II IAIIo. I ,A ) 1 . I . I I h. 1 I I I 'U

,i I I I
tool f +'+I IN I I fil 1

14 .. 1
I I I-I i j ) G 1 I

TAII

oi Jl tl
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-=(M rRt== T?'FTAZATrTnTT-TT7 'A $IF T;1 -J T31WTlrAT-Ii
IFI I- (I . I-J . I 'A I wN I F I A .)4of I PH

P14 A(.I'= I Of I -AVII I I I I I )/ A ~ 4 -AP141 III

-- P; AI Ci Of(J -PP (I I.J ) I

WP ASI.. I i -FF.7; .n -L - )TT-IFI i *.i I I4f 0i -i -1.A1411

'400 Ffl1(IAT(I 1 *H.1. PHI'I MIT IN RAN(.F 10 lIHTfl 1i70 liFUI'

,,I)ATA.INPIT no ___________
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Program IV

Directive Gain Pattern Calculation and Plotting, 
3.17MHz
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EXE Pl1JC I X FR

//SYSIN W) T.
C4IMMJ&I /AULfCK I/XVAI-. (I AI) YVAL 1 lAI I.IYF4CI 46 1 rfHCIllm -

C 4 CHA9ACTFRS PrN 14ITFG4I-4 IN I4i4(4WAQRAYS Ay,* F1 rWOI CK ()Al1b SU8PW114 114
- O MEN'SION4 AT HM ~ A( 14 ). I I CH4CK I CH-4(K4 ,4

cHFC, II) =0 12.
CHECK IP A=?.~ L;IA
CHf-CK 1 - 4
CHFCKI4 1=87.9 r
CH4ECK1 I5=90 . I A
CH4FK04 I)=40. 17.

CHEKP I ) =270 IAP.

CHPKP(1 1=90. 19.
cHEK~j4' 44 1n0 20.

i I NC~ = 2 -A.
nou J0ni 1=1.18124
XV AL (I I =n .*C

i -J-i 1* 27.
PIH.Ft1AT( Jl)r.n.9o. 7 A.

C 4HI-CHFKP'4J) 4
P4IIL.'HI -90. -An4.
nO 500 f=t.q:
ATI4AJI 4.

* Anfl)-l.. 31.
500 CnNT I JIF ?4

044l 2000 . I . ?- -
T44ETAz. .6

no, ion f-.41 7
C T44ETA=C41FCK414.K
r. FINn TOTAL FIFLfl. 8l.62 IS FArTnR Ti) NJ44MA4.17F To f;Aj14 n1VF ISr1T~flPIr. 14.

nR.AF(THFTA.PHI)+FLF(THFTA.PH4I-44.l2 4n.
ATHAI I =T44FTA '1.
A43F4I I I =OR)14

THFTAf-THrTA.I. 4..

10 c)) cnNT INJIF 14

?()a FOR1MT(I '.1iFh.?.IX.Fh.2),IX.FA.3A.'X)4 E

3 n III) MAT I I I I * 4.

- -- VAI.j .IP=A14A 1. 4*.114j(*
YV AL f .14'444 1 4 Al 111

I441 -I F( I4 4114

4-01 .11111 'i

I . II'll4I I 4 . - I44 I =1'44 .14 I - 14 *4

4717l C INT flIl 11,11 OF

WIP 4.* 4t44-.10 44 %441A4II -. 14
I44? I 114444 I4. f I I I 4 44 /** * * *



IF(j .(AT. II I WI; n i on(
CALL AN LT I I M .- In 10....740 ..,A .. 1f I____I)_kA

X =4 *on
CAL-L LFTTPR4X.Y. .1;,PHI 'O.n.S10,l7
CALL NtimF4AX.y-.1c,.RIL -0.0, t)

Y.4 .514 _____________ _7o.

CALL LP T j FN k A *. x . ( 7 I 0* 5
CALL tIFwvF-ff(A 7 ;1.

400 CfI N T INOIIF 7'
CALL 1IET-%H 74.

1 n?~ COIENT INOIE 7S~.
STOP 7e,.

FUNCTION AFITHFTA.PHIl To .
THFTARvfTH9ETA,1 Mn. 4A. 41 Q 74.

RE~ ~~ ~ T #=P ,?,A

SETA4.4.*RFIT Ap
AF TAM.M .*MrTA A-4

STHFTA=SiNITHFTARI A4
.;HI =1,N O Pli 14 1 -

CP141 CfIsfPH I R
A. Tu IN(FTA4*T4TA*SPHI4ThS!N(FEETA*SrI4TA*SPH1I).ISTN(BETAR.STHP AT.

r tITAaCPI4I/qINInrFTA~qTHPTAcPi4H) R
1E-IM- HI rHI A-0. I .LF. .. I. &IFA-I MO).I .LF. .2 .014. AKHSI11 84.

i-. .LF., .2 nfR. ARSIPH1-I.QO.) .LF. .2) ti~n 10 o 10 9.
III) TO 70

t00 ArFT1.4.

GO TO 300 1
700 AFT1=AASISIN6RITA4.STHFTASH')/',!N(FTA'T4ETASJ4fli 04.
ion III(ARSIjTIF:TA-l.) .LF.- .2 AI1R. ARSITHFTA-IMO1.) .LF. .2 *OR. AH SIPHI '-N

1-90.) .LF. .2 .11R. ARS(PHI-270.) .LF. .21 .n 10 400 46.

GOd TO) 50097
400 AFT2NM. 9A.

GOT o qq.
Soo &rAF AiSIIfnTAI4*THFTA*CP41 )/SIN I ETA*STPTA*CPHI I I (ml.
400 nRAFTI=?In.*.4349'4*ALif;(Arl) i01.

nFlAFT?=2n.*.A4,494*ALreI;IAFT21 Io?.
. WRITF~h.lno) THFTA.PH-I.AFTI.AFT2 ?)A
700 FORMATIS I lTHr-TA-#,F:0.2.IIF; PN1='.F6.2.'OFG 4 ELFMFNTzI.F7. lI w..

12.1 8 FLFmFNT.S.F7.' 0) 1(1%.
r AF7.AEIjAPT) 71JE.

r. AF.20.*.414Pqi.ALIIIvIA&-I I I.
AF.nnAFTI *IIAFT2)

oin A.9.II

I'IINCI JUN FLF I THFTA .1'EI1 1 ,.
_ _ _ IiiMI N.1111i 1 II( 1. *jit *A11141 III A ll IAj All , I I( I "~.), I !f~ i) -II'

IIAI I' A* t...I. A.,I.

I .. 1 *I; ,its.* *lA.) ,*I~ A.' 1 g t
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17F' I 5 . . l 6- -'1. .-4,07, 1* 4.t lh I.'' .P . "4 |. H, .
'  
A 1 .

5 7 7o t 1 0 IS . .1 4, ,?m, 1 1.6 .9 7 ? .-416 4.2k . , . 1. 1h.

;7 kA I . - .O7 -. 04 "20 Q-9 , --+ + . 1.< , - I . 17 4.--1 . 29 - 39 7 . -11. -,. '
-  

121.
I~~~~~~~~~~~ 7 P .''. '. ,- .+? - .2. - .-, - - . 4 1 2 2 I ~, . 7 - .9 - . , 12H.

9 =4., ,-4 9 6,- .4 4 1 , 0 7,t ,-IO 7 - . H - 2; - A ,- , - I I I.

171,-.Oq-h.?.- 0. 7,-.41-AOO.-q. 70.- .1C7.-I&.6 8-1.- .f,-.4, 1 2.

1-i .O5,-I 4. ,.- 1 0.,9 .- 1 4 .R- .- 1).R9.- I I I S. -A .4 4.-I1 .51 .-14 .33. - I I I 7.
5id4.-15. 7.- .1H7- 12.?14 .- q . I .-1 2.01.- 14 . 30.-12.60.-16.79.- 7. I..- 3.
I I n. . 7,4. -1 2 H. O -14 .A4,-I g.- 1 9.0 1 -lQ. 11.- 14 .9q ,-12 . 2|1/ I Aq .

nAT.A0.-19, .-2..-4,41 ,-20.7-1 1. 5.-0.O,0O.o..oO.O.nlO.O.O. ]41.

fll n. 141.

1 11 40n J=l. 7 11.
EF(J.I )-ItlJI) 146o

400 CONTINIIF 147.-
300 CINT I i IF

01l) 500 1=145.17 l+q

fO Ann j=i.7 * in.
IT=--1 ISI1.

EF(J.1I-T21J.1T) 152.
f6o0 cfNTINIIF 1,51.
500 CnNT I MI IF 1..
r WRITF(h,2000) (IFF(1.J).1=l,7).J:sl.17) .%%.

r 2000 FIIRMATIO *.7(l ,71F7.2,X).,/)) IS.
JI 1 |S7.
no 100 1-2,8 1%P.

IFIAPHIt)l .rF. PHIl (r Tfl I00 . 16n.
11=11+1 -I

100 CCNT I1JF NI .
tIon n;P 00 J=2,A6 16'.

J3-J 1 64.
IF(ATHETA.it .GT. THFTAJ (O TO 1oo lAS.
Jl=Jl+l 16 .

7flr (IN T I MF lA.
. SET J3 -I-0 LINFAK FXTHAPILAT|ION fiI1 T(I ro, JIF(;RFlS. 16A.

JleJ~)-I .l -

110 FRACT£'HFTA-ATH) IHFTAII IAI.I-AfiFIJIl' 171.

I__ _ IF( J. .1) 41+) * 4

FI-FL1 ACT*I +2F"J-F 1 , 7A.
C W IThFIh.' 'I 1 FI.1 ,AIIIFA " I 4) ,A III IA IA I j.1A1)I( 4I.AVII II I.hi) III I I ' *,,T i+) 1 4A.AI Acq , I ^fU 1 . t' A. !I iii * I. )X,41,lll I1 If

/filt 1f111MAll I *, II I-M$N IAI I A( 11114 e ;. fll' .I. .+ N,. .. . ..



CIIMMIN /RLFICK I /UALI 1R .VIAL SRI I I ivkcll(~ " I xIIcri,118 $
01 MFN,,I ON X V~~it 31 -4 ) Y V'i'1 I AI Jill.

It NtIW = iS1 ThF I I Iil1S N A X I I A .

C XM IN = VALI IF fIF X A IfI I( I III IM 7
r. XMAX . VALIIF lIT X AT FNO1 (IF AX I I Mg5.
r. YMIN = VAIiF OF V AT fih,,f;Is 1 K4.

r YM AX = 'JALIIF (IF - AT hI (IPIF Y A X IS Igo_ 31.

r N P qTs = UPi--p(IT-N Ts- TI -n fl, RIFI( MSTF F FS ST HAN8-1- - j9 .
CALL PLT TYP 14662 .6h. 7 11?
CAI-L STAR T I LO .
CALL ILUT(O.0.0.O.1) 3,44.

CA-LPLaTI0.O.I.O .P1 _______;1______

CAL.L PLOT (0.0.75.0.? 1976.

CALL PLUT(III.0.0.o.31
CALL PLO0TIIO.l..r.2)

CAI,1L PLOTIo.n.O.o.p3 ?01.
CAL NFWPFNIJIIn2

C ~I 4F W. W F14r';I . FORi PLOT AXIS
CALL PLUTI?.P7.I.H1.-31 ?n4 .
CAI.i. FATI1NH.n011S

__TIAAW AXIS 70h.
E5NTRY NXTPLT(NIIM,Niimf.XMfNXMAgYMIN,YMAXN~SeTS11 ?n.7.
CALL RFCTIO.no..O .7.0.s.01 PnA.

r URAW TIC MARKS nN AXIS. CSI7F=l(IVIsIIIM SIIF IN IN3F X AXIS.2(.
r. nsIZE=OIvIInN SIZF IN INCHFS Y AXIS 711.

cIZF=7.nF~nAT(NIIM 211.
flSIZF=5.0/FLlAT11NIIAOI 21?.

X120.0 7,11.

Yp~=Y]+.Os 01 S1.

41I 400 K=1.P 717.
no 2oo J-1.NIm 219.
-XAASE=FLJATNIJIM-\J ISCST lE ?14.
X=XRASF . ??.
CALL PLI)T1X.YI.3) 271.
CALL PLTj~IXO.?) ?2

700 CI3NTINIIF 7?l3
CALL PLUTIXI.YI.3I ??4.
CALL ILOT(X2.yI.2I ?1

YflASFzFI.IIA1I~hIl-j*1I 7P 7.
CALL ILUIIXI.YMAS1*.3 72M
EAI. VIAI T X). YMA SF .? P_1_____-

Xj .7.n 3I

r MIST SCALF IIN Y AXIS ?'A
r INI T% IINIT', III1 ItIV IN Y A%5 *' 1

- .IINI *1%wj YMAX-YM IN I /II ((Al I MIMII I1~ P

Y-;rAt F- AJ I All;I YmI " .' I II s

If___ I YO1 .1 1''IJ . II Y .4 Al' I I1A - I
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I = 3 .

IILoCzflI[F* I-1) -. 034

IIY SCAI.F *. hP -=- 40~7- 1
CAI.L I'IIMF4H( A ILH..3.SCg.,*

X7 ?4,3.

CAI.L 3FTTFk3XT - I . YficI1,) . I2sI

C Pill 'CALF,; (IN X AXI- L2

C. tINITX IINUSI Vr 1)1%1 1M X AXI
IUNI1 -(XMAX-XMAIN3,FLATNsM33

k-SCALF=AINr3A553XM3N3,.S
IFIXMIN .LT. 0) XSCALF.KSC ALF *(O-1 1 2r)7.

r LAREL X AXIS SCALFSS
1s 13=NI IM+ I23

nol 7nn I= 1.4 260.

IF I XSCALF *LT. 0 1 IIL0C21ILflc-. IS 2h?.
CACL INIlMRR l3Lflc.-.?4 .. I.XSCALF.O.0) 6.

XS AL-F-XSCALFAINT(IgNITX,.4 )*A ?b4.

700 CnNTINIIF ?S
X T zI .fn ?h&.
YT*-.44 267.
CAI..L LFTTFI4IXTsYT..*IS.TItICrI.0.0,I2I

ONJJTI, - 111MITS IIFw fly nN Y AXIS ?69.

C 'L31T flATA 270.*

ENTRY PLINFINIONTS) 771.
nlO Ann I-t.Nwi~NI 27?.
IFIXVALIII *LT. XMINI XVAL3I3KXMIN 71
IFIXVALfIP .rT,. XMAX) XVAL(II=XtMAX 274.
IF(YVALII) *LT. YMIN) YVAL(TI.YMIN . 75.
IF(YVALIJI M~. YMAXI YVAL(II.YtAX 276.

600 CONTINtiF 777.

r WRITF3A.tini 3 (XVAII I 3.YVAL3I 3.t~l.l PR 2714.
100t FORMAT iI .21( 8( F7 . ,. I F7 .2 1. 1 79

X-(XVALIII-X41N)/(fINITicCSI7P) 7Ao(.

Y.(YVALII3-Ym3N)/IIINITS/33s3?FI 7R).
CALL PL[IT3A,Y.I) 72.

C NPNTS . OF VnfINTS TnO F PLpTFn ?MI.
no Snn l.2PP.VTS 7A4.

X-(XVAL(II-X34INI/,IN3TX/C5I7FI23'

Y. IYVAL I I -yMIN /IIlIPTS/3SI7F I2#h
___CALL PLUTIX.V.2) --- H7_________

Son. COIINI IF: - n -

C PLOT RIr.F PAPFM nATA

C, nATA D.

C, I.Sl.,f .h4 -.. 1l'O -4 . 4 H4. . .lI I .,%. Aq)

C. l.- .M9.1 .1 1 .6 .01 .. AI . - 1 .144. .11 .4.6 1 ,-.H D. -1 1 .§ - -1 40. .13 1* I

C. X . XVV%/ I I I -XM I MI/ I INI I )f './I I
1. Y.IYVVVI I I-YAINKI/311N3I ,i.3/3

r: rAi..'Y~~; ~ ,.'on
r. I fill, f I I " l

MI I ' 11 if~~ I I ,y W/~I %0 I 1 - i tII I



ALOCk fl*TA _______________ fCIIMMI IN,,OH1ICK I /'XVAI. 1~ 14 1 YVA I A tI I, I pI1 41 XtIcifItN I

flA7A I YHCflHFAT' I*IFk 1; 1. *AlM (* M 'l 0/'47
DATA l~nCfl/I 0* * TfS D*s; lI. ON Fmop I . *311.

//lA AFU 7F 0 log~~I.

// IN=MN I44'n.KC.p, flT.UiiTI)VIITSPACF-ICYL(II )p 1LSFI,
/ I)CR.IREcl-m=R.IFCLHtO.HLK';I/F=..3l10 %3.

//nATA.IN'IIT no 
1 14.



147

Program V

Directive Gain Pattern Calculation and Plotting, 5.1 MHz
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//SCR FXTC P(,M=IFMNI4

//;ck n r) fI sp=fUi-1.flFLFTF I Vf)(-=QrF=%,(1U-0 0 1

/*JP SFRVJICF=IVFF4

/*jI' F1.-lI.LIV 

//sY.5IN n) *
c(ImmuN /R.fC~KI /X VAI. (RI .I *AL ((RI IV CI1 (4 IX HCR(I 4

r ' CHARACYPHS PFR INTFrFU IN INTF(rFW AHIJAY-. SIFF HL(ICK DATA SDIIPIPTI

CHEcK 111=.
CHFCKI=1S

CHECK I II ,

cH ECK (4 I.81;
CHECK 151=90.
CHEK1'I 1 =90.
eHEKP(P)=?lo.
CHFKVfl IT9n.

CHjKPO(52SO.
Ml 4oh I.
.INC21

XVAI (=0w.

1001 YVALIII )-n

PHI.FL0AT( jI (A(. +90.
r. IHI.CHFKP(JI

nnf 5o0 1=1.91

ATHAI 11.A.-*

S60 cONT IIIF

THETA.l.

r1) ion 1=.91q

C THETA.CHFCKfI

r FIND TfIT4I,. FIFLI). Y.'ip 15 FACTrjR Tn NnAMALI?F Tfl GAIN (IVFR IsflTR(frC
flRAF(THF-TA.PHfl4FL.FI1HFTAPH*)-9.R2

ATHAI I l.HFTA

ADS~( I I)flA
THF TA .THF T A+.

W14 I F( A * 400

3nn FiIIMATS 'I

N ENfl NH T .

AVjAL' I .ATI~IAJ )_t.j I NC
YVALJ.AfI I"1.)

I001 CI IN TI AllIF
1Ff .jINr FlJ. 11 IINCx-l

ItFIP1I*, A0 '41 f-T. lI..4An

Wig I 1 I, 1 * . 11111, 1 1 X ViA1. 1 1 1 . Y V Al I I I 1 14 1 1 I
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II-1- .11. 1 1 CALL PIIXTPLT) I.,.( i C~..3.~. M
JF~j Gy ii flnf Tn ;,too

X.4.n

CALL L-FTTFNI1X.Y..l1,S0PHI= .~o,
CALL KM9MFH(1X.Y. .15PHIL,0.0.I I)
X=X+.75

Y-4.5m
CALL I.FTTFR IX.Y..lI t;-. W'fl07)&
CALL NFWPFNI)'A

4no C11NTIM1hhF
* CALL FINISH

IfnnlP CnNTIFJUF

EN 0
FUJNCTION AFITHFTA.PH1I)
THETAR=fTHFTA/lH0.)*A.j4I5Q
PHI R.=I PRIi 0 *) * * 41 )9

r FlFTA=2*V.IaIF/C)*8';/2. gs-nS TANCF RFIWFFN RAnIAT11RS.
A TA4.159 60
FIETA4=4.*RFTA
MIFTA$=R *nFTA

RH)ETA.SIN uHF TAM I
9PHIar uIPHIMk)
CPHiuCO1,1PH1MI

r, AFTg:(SIL(RFA4*S THFTA*SPHT )/%INIRFTA*STHFfA*SPHI I)*SSNIERFTA8*STHF
C ITA*CI ISNIRTAAqTHFTAwCVHI)I

IF( Ass(THFTA-41.) .LF. .;I n.fR ARITHFTA-IMO.) *LF. .2 .fR. AR(PH
It-fl.) *LF. .p nR). ARSIPHI-IRO.) .i-.F .2) trO Tn t00

GO TOl 200
t00 AFT)=4.

GO TIO 40n
?00 AFT1=ARS)SIN(RIFTA4*STHFTA*SPHII/SIN(RFTA*STHFTA*SPHI)I

-- 1-q0.) .1-.F. P.2 (1)4* AHS(PHI-P?0.) .. -2) 6.11 Til 4100
GO TI) 5nnf

400l At:TP-A.

5o0 A)FT2AM9I(SINIAFTA8*STHFTA*CPJHI)/SINI(IFTA TFACHI
f. tl1S .414Pq4 7n CIIVxFKr NA711RAL LI; 1n HASF 10
04o O)RAFTI=2n.*.44;944AL4,(ArTI I

rRAFTP2..4494ALnr,I AFT2I
r: wRITF(6.700) THFTA.PHI.OF3AFTI IIRAFTP

!L~o F!MMAT '.T~jJAS ±F~? '.E';.. HJ=Lh.2JJ 4 F1-FMFNj,!'17..

C. AFI=AHSI AFT)
rC IF (ARS(AFT) .T . I .F-101 GO) Tr I (

AF~flI1AIT1 4)IArTP

C. IFTIIIIN

UNCT IOM FLF (THFTA.PHAI I
nIMFNSIIII4 FF14. 41) *AI'41I 1101 *ATIlf- A) l~l I 117 li 1. 1'.'f ~ 1. . 14 41 Af
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DA A 1 1 4 1 .3,3 6 .'A.P97.7.I 4.- - -1 qn, -6.6 1__3

164 .A. H4. 1 . ,'A. 9. A . .7401?0.,I .~.I 44 1 SO 1 9A.1.14 21.?f. A 8 . 14

iA.P.1 A.-.7 'I.M .7.- .'AI . J. .9.0.Q I A.62.-.3.4-3. 2.9-,?
I 6.3,.45, -. 91. -A.?,I 'A. ?-493-44.- IN.A 2 i .0, .14

1 16 .. ~94 -41.P27.1912 . . .4 -. 0- 1 1 P1. 7 4 2%.7 -. 0fl1 .4(,10

I '. ISI 06 II -I.2 H A..2.mA.2 .5.2 9-1 Oh 7-13. -. 3 31 .4 H S1

'A 61, 2 1 5- 3 7 - .3-7.91,-. q40.-4 .9-41 . 62 3 4 3 1. W .4

.94- I 'j .0. -I 3,-1 . -7 10. AR,- * 5,- 5 - .4 - 2 g,-1

I . 4 -A .M9 'A 17 A2 -1h .39 ,-4 42. -. .7&. 4. 9 5 S4 I '

IF( PMI .LT. 10.1 PHISPHI4360.

DO0 300 1-1.13
n0 400 J-=1.4

EFIJ.I )=TI(J.I)
400 cflNT I miF

E F(5. 11- -MT(71
rMl 450, jw5*.7

E F(q.1 )-T3(2.1I1
in0 CONTIA.'IIF

(10 500 1-1411
nfl Ann J-1,4

FF(J.I PTT2E..IT1
1.00 ru.1 INII F

D)I Pin..5.7

1.50 cIINTINiii;*

6)(0 ClINT I N111-

C. P000 IIMAr('1 *4 71 .9 (1- 7 '4 X I .
.11.1

1I)111 0 oll) i
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AI J Tol

j~~HT I j TA (4,II I(

70 CONT I KlI P

J I =Jl- I
fion FR ACT=(THF IA-ATHFT A(j ) / Allo-TA I)-ATHI tA( J I___I) _

Il-Ill *FJ.~~ 0i wNi(. n -il

IFIA .FW. 10l11l31

E F IitF WAc P-F Iq7(' J II- FF IIJI I I + F ))F I I I II
EF2=FIRAC.P*IFF i3,Jll-PF(I l.j~i)+FgfiIj3I

FLI-=FRIACT* FFP-FFI ).FF I
f: WA I TF I h,10 01 F LF .A T HF T A (jA AT H FT A JI )AIPJHI (I I lAPH I I I1I1

rC 100 FU R MA TI 1 1 .IF LF M F MT AL F A C I n = IF 0.2 s ,N *4 AX. F 6. 2 1
Ron FflRMATI' I.FIO.3A,' PH[ NOT TI hl ANC'F 1* I)F(;, TO 370 IIE(,'I

EN 1
SlIIMITI I ANITPLT I IIM ,NIIMl,KM IN. XMAX .YMIN .Y4AX .NPNT~lI

nlI ME N I11)N X \ ~lIh I). Y VV V(IA)
INTF(;FRO4 YiOCAI. F.XSCAI.F

C NIIM-41 OFI TIVIRIIINS ON X AXIS
C, NIJmf - Of 1F 01 vIsIONs ON Y AXIS
C XMIN . VALtiF OF X AT nri IGN
r XMAX -VAIF OT X Ar FN) (IF AXIS
C, YMIN . IIAL(IF OF Y AT miIIGIN*
r YMAX z VAIIF OF Y AT TOp OF Y AXIS
C NPNTS . # OF POINTS TO (4F PLnTFD. MUST5 BE LESS THNe 8) -

CALL PLTTYP(46&2,.17)
CALL START

CALL IPLOT I0.O.0.n.1
CALL PLIITIO.0. 1.0.?)

CALL PLOT(..7.n,1)
CALL PLOT I 1.0.8.0. 2)
CALL ILTIIO.0.0.0.1l
CAILL PLI1T(tn.10..)
CAL-L PLOT i10.0 .0.0. 1)

CAl- L NFWPFNII I I
C OEFINF N~w nK IG'IN.FOR PLOT AXIS

CALL PLOT 12.22.1*Rki,-1)

CALL FACTOR(I-0) _____________ ______

C AnAW AXIS
EN7RY NXTPL I (IhIM,NIIMI XMI N XMAX .YMIN. AX,NINI S)
r.Al. RFCTIO.n0.o,7.n.S;.o I

C DR1AW TIC MARKS fIN AXI'S. r',I1F~jIVI'I*I SI7F IN IMCPJF-S X AXIS.

r.7F i fl/ll.-IIV '0 IFAT S11 .IN y . -

neS 17' 9 n / PI- IIA I INI IM I I1

I2 II 4.0lo5, ,

flU 1,114() I- 'I . pl '

X- lh A. -1 1 I II lf - II I I
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CAIl.. I'l 1,l X .Y2,2

200o C IINI T_. I- No .I _ _ _ _

C PPL 'IlI( (X I. y I. A)
CALL P-LI I ( X2 *y I.;)2I

______ nil no i= I *&IIfmfl

Y FASF=t-LIAT( ilIIMf)-.1Ii*I)S q F 17 F- - - -

CALL PiLOT f X I YRAsr 'A I
CALL PLOiJIX7,YMHASF.2 P__________I____

4()n CI IN TI IllIF
X =7*0

Y?,=Y I-. OtS

'.00 CIINT INlIF ____________________

r VIIT SCAI.F NI M AX I
. UNITS = IMIT-S PFN rIv Onk Y AXIS

(iNITSI=(YMAX-YMlN(,FPLAT(Nu[Mflh(I
YSCALF=A (NT IANcI YMiN1+. .I
IF(YmIN .LT. 0) YSCALF=YSCAL-F*(0-1I

IT2=NIiMO+I

X:- .41i
I(YSCALF *G;F. n) xz-.107
CAI-L IJIMFRI(XIILflc. * SYqCAI F,A.A
YSCALF=YS.CAL-F+AINTIIINITS,+.5 I

900, CIIN T1I A F

YT.t.I
CALL LFTTFRlXT.YT..a5,IYACfl.90.0.lM)

r PIT qCALFS ON X AXIS

r PIT SCALFS nN X AXIS____________________
r. IINITX - -NTnFHOl N X Axis

IINITX=IIXP4AX -XMIN /FLIAT ( NI II
X';CA-F-AINTI AF1t Xf4INII,.S 1 777.

IF(XMII .LT. I) XSCALF=XSCAI.FWIA-fl 27A.
r L-AREL X AXIS SCALFS 279*.
75n ITI=NIIM~l ____ ________________ M.

ril 100 I=I.ITIl~_

IF( XqA CAI.F .1-T. A 1 iiil(c=til.flC-. I-i ?gA -.
CALL ?H4M(IO.-2.I~XCAF~0 '.
XESCAL.ASXCAF+AINT(INITX4.r5 WA~ 74 s

1110 rlIN II NiIOF- --

YT.-.44.

5!Al Y T FX.. -. E - lSIVOwl , (I,.o. A;, - 111
11141 .S IINIi S; P1- I) o V (I V AX 1 ?4 t

C. IJIT fIATA .1" I
i-NTMY -vf..IN~iNMVITS;I
ful Ann- I~ i *NIVIPit T- q
IFIXVA.I I I . I r .* X I toI X%/A I I I I XM IN
I#; ( XVAt fi I 1 6 * XMA V I VIIAI. I I I XAA AX'

III YVAI.( I 1 .1 1. YPAINI) YWAI IlIIl v NO l~I

11- (YVAI I 1 .1, 1 * YMA V I YIAI *YtiA~
Alto i I I Kimt

W1 I I-i 1 n rli I I VPAO I I i* I .1 1 4 1 1 i
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Y I YV AL I) -YA I NI / IT Ii S/PS i F 1? ;1 T

CALL PLIJT XY°) 

C NPNTS v A nF IPIIINTS T I I_ PLFn4 F __ ____

X=( XVAI -XM I )-)(M IN IM -,! IFI i 
2

flA,,
Y= IYVA II ) -Y M I I IIII q I IS 1I P ) -- 27 _.
C. ALL PLUTIX Y. i41.

in CI IN T I .II IF: llA g.

C PLO-T RICV PAPF- IArTA ....... (II. _

r. IIATA XVVVI -4H.4,-PA,- 2,-.O.-.O,-H ,-,,-2 A1 ,.
r" 10 . -I Is.;' - - I ", -1 - - I A . , - IO -I, . 9 -4 . I h , .2 0. O. f. A, . H 1 1,l. 1 , 1.. -A.

. 1 .14,11I. 0.1 .,P A. ( . P, 24 t, I *.A1 4 4 AA I, i A.40 .') . 3, , 44.4 . / I

. nATA Y VV V/7 . I I , --. .- ? . 4 , 1 .6- 1,,I . 1 .6 -I. .39 .-I * . .. A4}2 1 10 0 1 f'.

. 1-;)9.14 - 15 .64 -7,. Si .- ,7 ,-; 8q, . 01 I , 14,L I , 3. ? It.24I 1 , H. -7.49 31 .

i , -i .H57 .1. 6 1 .4,hI . -6 .1 ,2 84 .' I . -.- I 7ISI -I.3 -. 8I I.1 - 9.

r. I 12 I,,. = A6 2  
g-

c X=(XVVv(J )-X MIIII)NI ITX/C5, r -If 1').
C Y=IYVVV( I I-fMINI/ IIl'I T,/IIStF I 2o1.
r CALL ,YMRinL(X ,YOS.,4,0.,-l 1 1 21.
r i' 1 ' CIMT NIIF ? ?A.
• W lrTFh,l0lI(XVViI I.YUVV(I.Ilr=I.A 1 ) "222.

RFTIIHN

FNn "
Mt.IICK IIATA '21.

CIIMMJIN /RLrlCK I/XVAL (IRI).YVAL(IRI),IYHCrI(41xI, CrfntI i7.
nATA IYmI'I);' /i F T .IF * IIIN I s Ao,11)H I/ * .224.lGO91HS . 12 .i

i F ,f;"ll 31. .

n //1ATAFT37 FooI Flfl VIIL RFF=MFN.II M44O.KJC;LIB.I)ISp=INEW.,EEVI . 372.
// lsN= mFN.IIH44 9n.) C. PL nrT .f1IITPITsACFc I CYL I I I R L,,RLSfIA 23 .
/I I R=(RIF CFM= FR LkFCL= 60.RLKSIZF=S II O F it4 1

.//IIATA.INPIIT nl * "1,.
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Program VI

*Program to compute relative HF power above isotropic on a 70km

altitude plane. Frenquency=3.17 MHz

*note: Function subprograms AF (Theta, Phi) and ELF (Theta, Phi)

are not shown. They are the same as in program IV.
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Program VII

*Program to compute relative HF power above isotropic on a 70km

altitude plane. Frequency=5.lMHz.

*note: Function subprograms AF (Theta,Phi) and ELF (Theta, Phi)

are not shown. They are the same as those in program V.
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Program VIII

Program to compute relative magnetic field strength at

observation point for ionospheric ELF/VLF current element array.

3.17 HF pattern.
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Program IX

Program to compute relative magnetic field strength of an

observation point for an ionspheric ELF/VLF current element array.

5.1 MHz HF pattern.
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-- VI
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APPENDIX II

USE OF CHEBYSHEV'S POLYNOMIALS TO SIMPLIFY ANTENNA FACTORS

The Chebyshev's polynomials are the solution to the Chebyshev

differential equation (A-i). The solution has the form of equation

(A-2)

(1 - x2)d - + n2y = 0 (A-1)

dx2  dx

With a recursive formula given in equation (A-3)
(13 )

Tm(x) - cos (m cos-lx) m > 0, lxl < 1 (A-2)

Tm+l(X) - 2x Tm(x)-Tm-l(x) (A-3)

Equation (A-4) and (A-5) follow from substitution of 0 and I for

m in (A-2)

To - 1 (A-4)

Ti - x (A-5)

By using the recursion relationship (A-3), the following

polynomials are obtained:

T2 (x) 2x2 - 1

T3 (x) 4x3 - 3x
T4 (x) 8x4 - 8x2 + 1

T5 (x) 16x 5 - 20x 3 + 5x
T6 (x) 32x 6 - 48x 4 + 18x 2 - 1

T7 (x) 64x 7 - l12x5 + 56x 3 - 7x

T8 (x) 128x8 - 256x 6 + 160x4 - 32x 2 + I

Let "w" equal "cos-lx" then "x" is equal to "cos w."

Substitution for "x" in equation (A-2) gives (A-6).

Tm(cos w) = cos (m w) (A-6)
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By using equation (A-6) with the polynomials, trigonometric

identities can be found for expressing "cos (m w)" or "sin (m w" in

terms of "sin w" and "cos w." For example, using "T2 (x)" and letting

"x" equal "cos w", equation (A-7) is obtained.

T2 (cos w) = cos (2w) = 2 (cos 2 w) - 1 (A-7)

Expressions for sin(m w) can be obtained by taking the derivative

of the "cos (m w)" identity. Equation (A-8) was obtained by taking

the derivative of (A-7).

sin (2w) = 2 (cos w) sin w (A-8)

To obtain the antenna factors in the form of equation (1-13) and

(1-14), equation (1-7) must be expanded. Equation (A-9) is the

expansion for the 8-element case. Let w 0(d/2) sin.

8-I
AF = , cos (m d/2 sin ) cos(w) +

m-1,3,5...

cos (3w) + cos (5w) + cos (7w) (A-9)

Use the Chebyshev's polynomials to find trigonometric identities to

reduce (A-9) into an equation in terms of powers of cos w. These

identities are given in equation (A-10).

T1 -cos w cos w
T3 - cos 3w 4cos3 w - 3 cos w (A-10)
T5 - cos 5w 16cos5 w - 20cos 3w + 5cos w
T7 - cos 7w 64cos 7w - ll2cos 5 w + 56cos 3w - 7cos w

Substituting (A-10) into (A-9), the expression for the antenna

factor becomes (A-11).

AF - 64cos 7 w - 96cos5 w + 40cos-w - 4cosw (A-11)

_ _ _ __ _ _ _J
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An identity for "cos(8w)" can be found from polynomial "T8 ." By

taking the derivative of "cos (Sw)", an identity for "sin (Sw)" can be

found, (A-12).

sin 8w - 1024 cos 7w sin w - 1536 cos 5w sin w + 640 cos3w sin w -
64 cos w sin w = 16 sin w (64cos 7w - 96 cos 5 w + 40 cos 3 w - 4cos w)

(A-12)

Equation (A-12) can be rearranged into (A-13).

I sin 8w = 64 cos7 w - 96 cos5w + 40 cos 3w - 4 cos w16 sin w

(A-13)

Equation (A-14) can be obtained by subtituting equation (A-13)

into (A-i).

AF = 1 sin 8w (A-14)

16 sin w

This is identical with equation (1-14) for the 8-element array

antenna factor with the exception of the 1/16 constant in (A-14). The

constant can be neglected at this point, due to the fact that when the

directive gain is calculated, the AF will be normalized.

A similiar calculation can be performed to obtain the

4-element array factor, (1-13).
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APPENDIX III

REVISED ARECIBO HF ANTENNA ARRAY GEOMETRY

After completion of the work described in the main body of

this report, a preliminary copy was reviewed by the Arecibo

Observatory. At this time the Arecibo Observatory made available

additional information about the HF array. The following

differences were reported between the model used in the main text

and the actual A.O. array:

1. The T for the antenna is .774.

2. The pyramid structure is elevated five feet above
ground.

3. The feed point of each face is capacitively loaded.

This appendix presents the information provided by the A.O. and

discusses its possible effects on the work presented in the main

body of this report.

The r of the NPLA is .774. It is obtained by taking the

ratio of the lengths of two consecutive elements of a face on the

same side of the feed line. Table Ill-I provides a list of the

element lengths and the length of the feed line to that element.

The even numbered elements represent the dimensions for the

scaled faces of the pyramid structure.

Figure (III-1) provides a view of the structure at the

vertex of the pyramid. It was concluded from this figure that

height of the vertex of the pyramid was 1.524 m (60 inches).
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Element Element Length Feed Line Length

Number (m) (m)

1 25.000 35.704

2 23.454 33.49
3 22.001 31.42
4 20.638 29.47
5 19.361 27.65

6 18.163 25.94
7 17.035 24.33

8 15.984 22.82
9 14.993 21.41

10 14.064 20.01
11 13.195 18.84

12 12.378 17.68

13 11.610 16.58

14 10.891 15.55
15 10.217 14.59

16 9.586 13.69
17 8.992 12.84

18 8.434 12.05

19 7.913 11.30
20 7.422 10.60
21 6.902 9.94

22 6.532 9.33
23 6.126 8.75

24 5.749 8.21
25 5.392 7.70
26 5.060 7.22

27 4.746 6.78
28 4.450 6.36

29 4.176 5.96

30 3.917 5.59

Table III-I. NPLA Element and Feed Line Lengths Provided by A.O.

Even element numbers are for the scaled faces.

T= .774.
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Figure (111-2) shows a sketch of a feed point of one of the

faces of the pyramid. The wires detailed by "A" are in addition

to previously used geometry. All of the conducting elements of

the antenna consist of three #12 twisted steel wires with 10%

aluminum coating.

The additional information on the array elements was

combined into a new geometry description for AMP. Discrepancies

exist within the new information provided. Figure (Ill-i)

depicts the height of the vertex at five feet, while figure

(111-2) shows a six-foot height. Table III-1 and figure (111-2)

give different distances between the feed point and the bottom

element. It is unclear whether figure (111-2) represents a

scaled face or unscaled face of the pyramid and whether the

dimensions of the additional wires are also scaled between the

two sets of faces, Foc the new geometry description to be used

with AMP -.e Following geometry was decided upon:

1. The height of the vertex is 1.524 m.

2. The lengths of all the feed lines to the elements

are all taken from table III-1 (including the length
to the bottom element).

3. Figure (111-2) was taken to be an unscaled face of a
pyramid. The 144" dimension was taken to be

correct and the other dimensions were adjusted to

correspond to table III-1.

4. All wires and dimensions from the unscaled face were
scaled by the fourth root of T (T - .774) for the
scaled face. This includes the additional wires

shown in figure (111-2).

The final AMP geometry deck incorporating these changes is

given in figure (111-3). The computer results of the power gain
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BOTTOM
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N

Figure 111-2 Capacitvely loaded feed region for one face of pyramid element in
Arecibo Observatory HF heating non-planar log-periodic array
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1. t CtATA.NP.T 00 *

'. CM THE DECK MLST 8EGIN WITH CM.C2 CAWOS

3. C4 H4ATER ARRAY ELEMENT AT APECIEC P.R. FREO3.170 4HZ.

3.5 CM MUOIFIED GEOMETRY TAU:.774 ELEMENT ELEVATION 60 INCHES

4. CE EE 438 FALL TERM 1901

5, Gwad0 2 0.000 0.000 0.000 0.000 2.305 0.000 0.0020

6. GWO02 3 0.000 2.305 0.000 0.304 5.963 0.000 0.0020

7. GO03 "3 0.000 2.305 -' 0.000 ..000 963 0.000 0.0020

8. GW004 3 0.000 2.305. 0.000 -0.304 50963 0.000 0.0020

9. GW05 1 0.000 5.Q63 0.000 -0.304 S.63 0.000 0.0020

10. GWO06 4 -0.304 5.963 0.000 -4.176 5.963 0.000 0.0020

11. Gwal? 1 0.000 5.963 0.000 0.000 5.775 0.000 0.0020

12. GWoo0 1. 0.304 5,463 06000 0.000 4,776 0.000 0.0020

13. GWO09 1 -0#304 56963* 04000. .4000 0,776 0.006 0.0020

166 GWOIO" 4 0.000 6.776 .000G. 46746 , 776 0.000 0.0020

I?. GWOII 1 0.000 6.776 0.000 0.000 7.700 0.000 0.0020

18. GWO12 4 0.000 7.700 0.040 . -5.392 7.700 0.000 0.0020

19. GWO13 I' 0.000 7.?00 0.000 0.000 8.750 0.000 0.0020

20. GUO4 5 .. 0000 :.8670 0000J 9'626 -" 750 0.000 0.0026

21. 0*025 1 0.000 07
T 

6 '6ad6 .... 0.004 96944- 0.000

22. 0aI a 5 0.000 - 9g944 0.00d -s.-6-962 9&944 0.000 0.90000

23. GO17 1 0.000 9.941 0.000 0.000 11.299 0.000 0.0020

24. G018 5 0.000 l3.211 0.000 7.013 11.299 0.000 0.0020

25. GwQ19 1 0.000 11299 00..0Q 2000 12.840 0.000 00020

.020 0.060 114840'. 0600 . _0.9 2 12.040 0.000 .0.0020

270 G021 1 0.000 1.2840 .. '.40dr , 
'0000 14.91 0.000 0.0020

20. 6*022 9 0.000 14Si.t .!"064e., 7 106217 :14o591 0.000 6.0020

29. 0*023 1 0.000 14.591 .0.000 0 16.58 0.000 - 0.0020

30. GO04 5 0.000 16.581 0.000 11.610 16.581 0.000 0.0020

31. GW025 1 0.000 16581 0.000 0.000- 18.642 0.000 0.0020

32. GW026 5 06006 18.84w - 0077 13.195 1842 0.000 010020

33. GW027 1 6.006 18*842..+- 00 0 -. .6.000 214412 0.000 0.0020

34. G*020 6 0.000 , 21.410- -0000.i.41'4.993 21.412 2.000 0.0020
35. GU029 1 0.000 21.412 0.000 0.000 24.331 0.000 0.0020

36. G*030 7 0.000 24.331 0.000 . 17.035o 24.331 0.000 0.0020

37. G03t 2 0.000 24.331 0.000 0.000 27.649 0000 0.0020

39. GW032 8 0.000 27649 " 0.040 .- 196361 27&649 0.000. 0.0020

39. GW033 2 0.000 2704, . 0.000 .00o 31.420 0.000 0*0020

400 OW034 9 0.000 . 31.420 4.000 .- 22.001 31.420 0.000 0.0020

41. GW0.35 2 0.000 31.420 0.000 0.000 35.704 1.000 0.0020

42. G*036 10 0.000 350704 0.000 -25.000 35.704 0.000 0.0020

43. GMOOO 0 45.000 0.000 0.000 0.000 0.010 2.000

44. GM036 1 90.000. 0.000 0.000 -" 0.000 0.000 0.000

45. G073 2 0.000 .. 000 0.000 2.162' 0.000 0.000 0.0020

45.02 G0074 3 2.162 0.000 06000 5.594 0.000 0.000 0.0020

45.04 G007S 3 2.162 0.000 0.000 5.594 0.296 0.000 0.0020

45.06 GW076 3 2.162 0.000 0.000 5.504 -0.2%6 0.00% 0.0020

45.08 GW077 1 5.594 0.000 0.000. 5.4 -0.296 0.000 0.0020

45.1 G0076 4 5.594 -0.2@6 0.000 5.594 -3.917 0.000 0.0020.

45.12 GW07q t 5.194 0.000 0.000 6.3156 0.030 0.000 0.0020

45.14 GwO ,. 1 S..,J4 -0.266 0.000 69356 0.00 0 .000 0.0020

45.16 GW08t 1 5.594 0.286 0.000 6.J56 0.000 0.000 0.0020

49. GWO 2 4 6.316 0.000 0.000 5.316 4.490 0.000 0.3020

49. G003 1 .356 0.000 0.000 7.221 0.0)0 0.000 0.00?0

50. G084 4 7.223 0.000 0.000 7.223 -5.060 3.00 0.0020

Figure 111-3 AMP geometry deck containing structure modifications: T=.774,
capacitively loaded feed, and elevation of 1.524 m
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51. GwOe t 7.223 0.100 C.C00 8.20q 0.030 0.000 0.0020
_1, rW806 5 4.204 0.000 0.000 9.205 5.749 I. 00 0.0020
353. rWO57 I 9132O 0.000 0.000 9.329 0.00 0.000 0.0020

54. GWOns 1 9.328 0.000 0.000 9.329 -6.532 0.000 0.0020

55. GWO89 I 9.3;8 0.000 0.000 10.599 0.000 0.000 0.0020

56. GuOqO 5 10.599 0000 46000 10.599 7.422 0.000 0.0020

57. GN091 1 10.599 0.000 .000 12s045 0.000 0.000 0.0020

5A. GW092 5 19.0S 0.000 0.000 12.049 -9&434 o, 00 9.090
59. GWO'3 1 12'.045 0.000 0.000 15.68 0.000 0.000 0.0020

60. GWOq4 5 13.688 0.000 0.000 13.688 9.516 0.000 0.0020

61. GwO05 I 13.6!e 0,000 g#000 15,55, 0000 0.000 0,0020

42. GWO96 5 15.554 0.000 0.000 15.554 -10.891 0.000 0.0020

63. G0097 1 15.554 0.000 0.000 17.675 0.000 0.000 0.0020

4., G8098 5 l7.675 0.000 1 4008 17,675 12.378 0000 0,0020

65. G8099 1 17.675 0.000 0.000 20.086 0.000 0.000 0.0020

66. GwIOO 6 20.086 0.000 0.000 20.086 -14.064 0.000 0.0020

67. GW11 I 20.086 0.000 0.000 229823 0.000 0000 0.0020

68t G0102' 7 22.825 0*00" . ",000 22a825 15a994 0.000 0.0020
69. GWI03 2 22.825 o.ood 0OOO 29.937. 0.0 0.000 0.0020
70. Gw104 a .25o937 0*000 Os*00 -. 95.931 -18t3 . 0.000 0.0020
71. G0805 2 25.937 0.000 0.000 29.475 0.000 0.000 0.0020
72. G0106 9 29.475 "0.000 0.000 29b475 20.638 0.000 0.0020
73. Gwj17 2 29.475 0.000 .1 344650.000 0.000 0.0020
74. G108 10 33.49S" .0000 61100'. 33.493 -236454 0.000 0.0020

75. 0M000 0 0.000 '-4500.4 000. 0.000 "0'009 0000 75.0
76. G0036 1 0.000 =90.o0o0 *.'.0a09+' .0.000 0000 . 0000 73,0.
77. GM00 0 0.000 0.00 0.000 0.000 0.000 1.524
78. G0|45 2 0.000 0.000 0.00h 0.000 "0.000 1.524 0.0020
79. GE001
80. .NOOo 0•.4-, . . 0 '
81. P000 1 3.170 . 0600.4
42. EX000 001 001 00 1.000, .000 .
53. EXOOO 037 001 00 14000 0.000
84. 1X000 073 001 00 1.000. 0.000
5S. EA000 109 001 001 1.000 0.000
86. APOGO 453 72 1000 06r -. 0.0 2.5 .0 7.5E 04
a7. ENO00 -, :

Figure 111-3 (cn.) AMP geometry deck containing structure modifications: 
T=.774,

capacitively loaded feed, and elevation 
of 1.524 m
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for the two cases of 3.17 MHz and 5.1 MHz are shown in figures

(111-4) and (111-5). In these figures the "x" denotes the

results of the new modified geometry given in this appendix, and

the "." denotes the results of the "old" geometry used in the

main body of this report. Figure (111-4) shows the power gain as

a function of "phi" for selected constant values of "theta."

These are the same values of "theta" used in figure (1-6).

Figure (111-5) is a plot of power gain as a function of "theta"

for selected values of "phi." The selected values of "phi" are

the same values of "phi" used in figure (1-7) plus additional

values corresponding to the "x" and "y" axis (i.e., 0 = 0 ° , 90,

1800, 2700).

Examination of figures (111-4) and (111-5) leads to the

conclusion that the changes in geometries between the two cases

result in only a small difference in power gain for small values

of "theta" and large differences for large values of "theta."

It is necessary to determine what effect the new geometry

will have on the results of the main body of this report. The

elemental power gain for e < 500 is approximately equal for the

two geometries. Since a large portion of the radiated power is

contained in this region, it is expected that the directivity of

the total array would remain approximately the same. The results

shown in figures (1-10) and (1-11) should be approximately the

same for 0 < 500 but significant differences could occur for

0 > 500.
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Figure 111-4b Power gain vs. phi for constant theta. comparison of "new" and old"

heating array element geometry. Frequency- 5.1 MHz
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Of particular interest is the differences in directive gain

along the "x" and "y" axis. The ELF/VLF source array orginates

from the HF antenna response along these lines. Table 111-2

shows the value of "theta" to the center and furthest edge of the

ELF/VLF source region (shown in figures (1-15) and (1-16)) which

is furthest from the origin.

Source Location Length Width Center Edge
Frequency x y

3.17 MHz 63 km 0 24 km 420 470
3.17 MHz 0 38 km ---- 7 km 290 310
5.1 Mhz 60 km 0 54 km --- 410 51"
5.1 MHz 0 65 km --- 28 km 43* 490

Table 111-2. Value for E to the Source Regions Furthest
from Origin.

Since all the ELF/VLF sources are located in a region where

"theta" is less than 50*, it is concluded that the new geometry

will not significantly affect the zero approximation ELF/VLF

array model. The plots of relative field intensity versus

ELF/VLF frequency should remain essentially the same. The

fundamental. conclusion of the main body of the report that the

ELF/VLF frequency response is affected by the geometry of the HF

heating antenna pattern remains intact.
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